Longitudinal measurements of dopamine (DA) uptake and turnover in transgenic rodents may be critical when developing disease-modifying therapies for Parkinson's disease (PD). We demonstrate methodology for such measurements using [ 18 F]fluoro-3,4-dihydroxyphenyl-L-alanine ([ 18 F]FDOPA) positron emission tomography (PET). The method was applied to 6-hydroxydopamine lesioned rats, providing the first PET-derived estimates of DA turnover for this species. Control (n ¼ 4) and unilaterally lesioned (n ¼ 11) rats were imaged multiple times. Kinetic modeling was performed using extended Patlak, incorporating a k loss term for metabolite washout, and modified Logan methods. Dopaminergic terminal loss was measured via [ 11 C]-( þ )-dihydrotetrabenazine (DTBZ) PET. Clear striatal [ 18 F]FDOPA uptake was observed. In the lesioned striatum the effective DA turnover increased, shown by a reduced effective distribution volume ratio (EDVR) for [ 18 F]FDOPA. Effective distribution volume ratio correlated (r40.9) with the [ 11 C]DTBZ binding potential (BP ND ). The uptake and trapping rate (k ref ) decreased after lesioning, but relatively less so than [ 11 C]DTBZ BP ND . For normal controls, striatal estimates were k ref ¼ 0.037 ± 0.005 per minute, EDVR ¼ 1.07±0.22 and k loss ¼ 0.024±0.003 per minute (30 minutes turnover half-time), with repeatability (coefficient of variation) r11%. [ 18 F]fluoro-3,4-dihydroxyphenyl-L-alanine PET enables measurements of DA turnover in the rat, which is useful for developing novel therapies for PD.
INTRODUCTION
In-vivo imaging using [ 18 F]fluoro-3,4-dihydroxyphenyl-L-alanine ([ 18 F]FDOPA) positron emission tomography (PET) allows quantification of the brain kinetics of exogenous LDOPA. This includes the LDOPA uptake, including its decarboxylation to dopamine (DA) and subsequent sequestration in vesicles, and DA turnover. Such methodology has been successfully applied in humans 1--5 and nonhuman primates 6--8 but only limited studies have been reported in the rat. 9 Given that rodent models are critical in medical research, it is important to develop imaging methodology in these species, and for specific biological readouts to be verified. A number of diseases are associated with changes or dysfunction in the dopaminergic system, most notably Parkinson's disease (PD). Several key features of this multifaceted disease remain poorly understood. The application of longitudinal in-vivo imaging to rodent models of PD may aid our understanding of genetic and environmental risk factors for PD, and facilitate the development of novel therapies aimed at preventing the disease or slowing its progression. Here, we describe findings from [ 18 F]FDOPA PET imaging in control rats and in unilaterally 6-Hydroxydopamine (6-OHDA) lesioned rats. This work lays the foundations for [ 18 F]FDOPA imaging in this and other rat models of PD, in which the tracer may provide unique and valuable information regarding DA synthesis, storage, and turnover.
Our aim was to quantify the rate constant describing FDOPA uptake and the DA turnover in the 6-OHDA rat model of PD. The effective fluorodopamine (FDA) turnover was previously defined as the ratio between the PET-derived DA clearance rate k loss and the net-uptake rate K i , 8 and subsequently estimated as the direct inverse of the effective distribution volume (DV) of trapped FDA. 3 Evidence from the PET imaging of asymptomatic humans that carry mutations in LRRK2 5 suggests that measures of effective DA turnover may be more valuable than, and synergistic with, measures of VMAT2 or DAT in the study of PD and hence Parkinsonism in rodents. The accurate realization of such measurements is hindered by the complex metabolism of the radiotracer and the presence of radiolabeled metabolites that enter the brain. 1, 2, 4, 10 The data-driven graphical methods, used in the current work, do not require a priori specification of a compartmental model and provide robust estimates when applied to the complex metabolic pathway traced by FDOPA. 3,11--13 In addition to the aforementioned findings in humans, we are motivated by reports from rodent-based models of PD that suggest changes in DA turnover take place before overt pathology 14 and that excessive amounts of a-synuclein may cause dysfunction in the vesicular release of DA. 15 Despite such motivation, there is a paucity of literature that describes [ 18 F]FDOPA imaging in rats. The only such report is that of Kyono et al, 9 who undertook [ 18 F]FDOPA PET in 6-OHDA lesioned rats and found a negative relationship between striatal [ 18 F]FDOPA uptake and methamphetamine-induced rotational behavior, and a positive relationship between the [ 18 F]FDOPA uptake and the striatal levels of DA and DA metabolites in tissue homogenates. The results from ex vivo [ 18 F]FDOPA and [ 14 C]L-DOPA autoradiography in 6-OHDA lesioned rats have been reported. 16, 17 In both cases, the tracer uptake was correlated with the number of remaining nigrostriatal neurons. The PET measured striatal [ 18 F]FDOPA uptake was progressively reduced with age in a genetic mouse model of PD. 18 Several reports examine the central and peripheral metabolism of [ 18 F]FDOPA in rats 19--21 and the changes in metabolism caused by inhibitors of aromatic L-amino acid decarboxylase (AADC) and catechol-O-methyltransferase (COMT). 22, 23 In the absence of AADC inhibition, [ 18 F]FDOPA is rapidly metabolized to [ 18 F]FDA in the periphery, thus decreasing the fraction of injected [ 18 F]FDOPA that crosses the blood--brain barrier to become a substrate for the processes of interest. When AADC but not COMT is inhibited [ 18 F]FDOPA is rapidly O-methylated in the periphery, with the radiolabeled metabolite 3-O-methyl-[ 18 F]FDOPA ([ 18 F]OMFD) comprising B50% of the total radioactivity in plasma within 15 minutes in the rat. 22 [ 18 F]OMFD crosses the blood--brain barrier to produce a reasonably uniform background with a DV close to unity. 24 As the peripheral metabolism of FDOPA occurs faster in rodents compared with humans, these effects have limited the use of [ 18 F]FDOPA imaging in the rat.
In an attempt to circumvent this problem, we chose to pursue [ 18 F]FDOPA PET imaging in rats that had received both AADC and COMT inhibitors. This enabled tracer kinetic modeling to be performed using a reference region (cerebellum), which was assumed devoid of AADC. 25 The model neglects [ 18 F]OMFD, as we assume the concentration of [ 18 F]OMFD to be low compared with [ 18 F]FDOPA and [ 18 F]FDA. If the inhibitors also act centrally they can alter the tracer kinetics. In particular, central inhibition of COMT is expected to lower the FDA turnover and increase the accumulation of radioactivity in the striatum. 13 In the 6-OHDA lesion rat model of PD, 26 we acquired 3-hour duration [ 18 F]FDOPA PET data with the aim of separately quantifying: (1) the FDOPA uptake rate (i.e., its decarboxylation and subsequent incorporation into vesicles) and (2) the effective FDA turnover, which was quantified by the inversely related effective DV ratio (EDVR). These different aspects of neuronal function might change by different amounts following 6-OHDA lesioning, as a result of differences in compensatory capabilities. It is known that DA synthesis (and presumably the rate of vesicular trapping) is relatively increased in surviving neurons in this model, 27, 28 and we thus predicted that measurements of FDOPA uptake (decarboxylation and FDA vesicular trapping) would not fall at the same rate as neuronal terminal density. We also wished to examine the relationship between DA turnover (via EDVR) and terminal density. This was achieved by correlating results from FDOPA PET with estimates of denervation severity, derived from [ 11 C]-( þ )-dihydrotetrabenazine (DTBZ) PET. [ 11 C]-Dihydrotetrabenazine binds to VMAT2 and its binding potential (BP ND ) is a validated marker of DA terminal integrity. 29, 30 [ 18 F]fluoro-3,4-dihydroxyphenyl-L-alanine PET was performed multiple times in individual rats to assess repeatability. Arterial blood was collected and the concentrations of [ 18 F]FDOPA, [ 18 F]OMFD and other metabolites were determined. Two different COMT inhibitors (tolcapone and entacapone) were tested and their known differences in pharmacological action were used to verify our interpretation of the PET data. Entacapone acts mainly in the periphery, while tolcapone also acts centrally. The central potency of tolcapone is about 10 times that of entacapone. 31 Peripheral inhibition is similar for both compounds.
MATERIALS AND METHODS

Animals and 6-Hydroxydopamine Lesioning
Procedures involving animals were approved by the University of British Columbia's ethics committee and performed in accordance with the Canadian Council on Animal Care guidelines. Four normal control and 11 unilaterally 6-OHDA lesioned 26 male Sprague Dawley rats were used. The animals had free access to standard diet and tap water. They were housed at 211C with a 12-hour light cycle (light from 0700 to 1900 hours). In lesioned rats, a naturally variable degree of dopaminergic denervation was produced by injection of 10 mg of 6-OHDA hydrobromide (Sigma-Aldrich, St Louis, MO, USA) dissolved in 4 mL of 0.05% ascorbic acid solution into the substantia nigra pars compacta at coordinates: AP À4.7 mm (from bregma), ML À1.5 mm (from the midline), and DV À7.9 mm (from skull surface). 32 Desipramine (Sigma-Aldrich) was given at least 30 minutes before surgery (25 mg/kg intraperitoneally) to protect noradrenergic nerve terminals, ensuring selectivity for dopaminergic neurons. 33 Radiotracer Synthesis [ 18 F]fluoro-3,4-dihydroxyphenyl-L-alanine was synthesized as described in Namavari et al 34 ; the specific activity at injection was 16 ± 7 MBq/mmol (mean±s.d.). [ 11 C]-Dihydrotetrabenazine was synthesized as described in Adam et al 35 ; the specific activity at injection was 224±7 GBq/mmol. The injected activity for both compounds was 0.045 ± 0.002 MBq/g.
Positron Emission Tomography Scanning
Each animal underwent 4 to 8 [ 18 F]FDOPA PET scans and one [ 11 C]DTBZ scan, with no more than one scan per week. An AADC inhibitor (benserazide, 10 mg/kg) was given intraperitoneally 30 minutes before the [ 18 F]FDOPA injection. Ninety minutes prior to the [ 18 F]FDOPA injection, a COMT inhibitor (40 mg/kg tolcapone, 40 mg/kg entacapone) was given intraperitoneally; limited testing using 10 mg/kg entacapone was also performed. The COMT inhibitors were obtained from a local pharmacy in pill form, ground to fine powders, and then mixed in distilled water to a concentration of 40 mg/mL (or 10 mg/mL) for doses of 40 mg/kg (or 10 mg/ kg). Benserazide (Sigma-Aldrich) was mixed in distilled water (10 mg/mL). The animals were anesthetized with 2.5% isoflurane gas during scanning. Their heart rate and blood oxygen saturation level were continuously monitored using a pulse oximeter; temperature was measured using a digital thermometer, and respiration was monitored visually at 15 minutes intervals. Temperature was maintained at 351C to 361C using a heat lamp. Ear-bars immobilized the head and provided accurate positioning of the brain at the center of the scanner's field of view.
The MicroPET Focus120 small animal scanner (Concorde/Siemens, Knoxville, TN, USA) was used. 36 A 10-minute 57 Co transmission scan was acquired, following which the radiotracer was injected intravenously at the tail using a 25-gauge, 19 mm long catheter (BD Insyte). Emission data were collected for 3 hours ([ 18 F]FDOPA) or 1 hour ([ 11 C]DTBZ), and split into 26 or 17 frames, respectively. The frames had increasing durations, ranging from 30 to 900 seconds ([ 18 F]FDOPA) or 30 to 480 seconds ([ 11 C]DTBZ). Fourier rebinning was used to collapse the 3D data, which were fully corrected for attenuation, scatter, normalization, and dead-time. Images were reconstructed using filtered backprojection, calibrated, and decay corrected. The spatial resolution of this system is o1.5 mm full width at half maximum. 36 To measure the efficacy of the AADC and COMT inhibitors, arterial blood samples were collected from the tail during [ 18 F]FDOPA scanning. A 25gauge, 19 mm long catheter (BD Insyte) was inserted into the ventral artery before the start of the scan. Three samples each of 200 mL (plus 100 mL dead-space removal) were drawn at 20, 100, and 160 minutes post tracer administration. They were analyzed for [ 18 F]FDOPA and its metabolites following the method of McLellan et al. 37 The method separates compounds in plasma into four compartments: those trapped by the anionic (F-HVA, F-DOPAC, FDA-sulf) and cationic (FDA) exchange columns, and the nonretained supernatant (OMFD) and alumina (FDOPA). Due to the difficulty of sampling from the ventral artery, blood was sampled from the tail vein (opposite side to tracer injection) in instances where arterial catheterization failed. This enabled comparison of the metabolic profile between venous and arterial blood. Blood data were not used to generate an arterial input function since only a small number of samples were taken per scan, limited by the blood volume of the rat for this longitudinal study.
Image Analysis
Time-activity curves (TACs) were extracted from the images using regionsof-interest (ROIs) that had predefined shape and size using the ASIPro software (CTI Concorde Microsystems, Knoxville, TN, USA). For each scan, three ROIs were placed on summation radioactivity images, defining the cerebellum and left and right striatum. Each ROI covered three consecutive transverse planes; in each of these planes, the ROI was rectangular and placed manually on the given region so that the ROI tracked changes in anatomy between-planes; this simple procedure ensured similar treatment of the contralateral striatum and the ipsilateral striatum, capturing a high proportion of striatal uptake with minimal contamination from adjacent tissue. The ROI volumes were 0.043 cm 3 (cerebellum) and 0.022 cm 3 (striatal). Kinetic modeling and analysis was performed using Matlab (The Mathworks, Natick, MA, USA) with in-house software. The average standard uptake value (SUV; kBq/cm 3 /MBq/kg) for [ 18 F]FDOPA was calculated between 75 and 150 minutes. The SUV enables a simple comparison of the tracer uptake between different PET images, after accounting for the animal's weight and the injected activity. It was used here for quality assurance of the data.
[ 11 C]-Dihydrotetrabenazine was analyzed using Logan graphical analysis with a cerebellum reference region. 12 The time after which data are fitted, t*, was set to 30 minutes and the k 2 term was omitted. 38 The ratio of the total DV in the striatum to that for the reference region was thus estimated. From this DVR, the BP of DTBZ (BP ND ) was calculated as BP ND ¼ DVRÀ1. In the 6-OHDA lesion model, changes in DTBZ BP ND reflect changes in VMAT2 density (B max ), 30 which is linearly correlated with tyrosine hydroxylase activity. 29 The denervation severity (DS DTBZ ) caused by the lesioning was calculated from the asymmetry in BP ND via:
where the superscripts contra and ipsi represent the striatum on the contralateral side and the ipsilateral side to the lesioning. The method was previously verified against autoradiography. 38 [ 18 F]fluoro-3,4-dihydroxyphenyl-L-alanine was similarly analyzed using the Logan plot, with the modification that the TAC from the reference region was subtracted from the striatal TAC before running the analysis. 3 Following this subtraction, the estimated slope from the linear fit equals the EDVR, which informs on the DV of the striatal FDA compartment as compared with the reference region. The asymmetry in the EDVR estimate was calculated as:
The inverse of the EDVR is interpreted as a measured of the effective DA turnover.
In addition to this Logan-type analysis, we applied extended Patlak graphical analysis. 11, 13 The extended formulation includes allowance for the loss of radiolabeled metabolites from the sequestered compartment (described by the rate constant k loss ). The k loss estimate was that which provided the optimal least-squares fit in the linear regression used to estimate k ref . Note that k ref reflects a multiplicity of processes, namely the decarboxylation of FDOPA to FDA and the sequestration of FDA in vesicles.
Reliability and Repeatability
The reliability and repeatability of measurements of EDVR, k ref , and k loss were calculated by applying a single factor analysis of variance to the results obtained from repeated (two to three) measurements, considering each striatum separately for an individual rat. Calculations were performed separately for each COMT inhibitor and for each condition (normal control, lesioned contralateral, lesioned ipsilateral). We use the definitions:
and,
where s b 2 is the between-subject variance, s w 2 is the within-subject variance, and x is the mean value for the group.
RESULTS
In almost one-fifth of scans, the AADC inhibition appeared ineffective; this occurred in individual rats repeatedly, suggesting that the 10 mg/kg dose of benserazide used was insufficient for some animals. The effect was clearly seen in the blood data, by an FDOPA fraction of o30% in the first (20 minutes) sample, and in the PET images by a low tracer uptake in the brain. The SUV in both the striatum and cerebellum was about 0.15 in these cases, far lower than the normal SUVs of around 1.5 in the striatum and 0.64 in the cerebellum. Catechol-O-methyltransferase inhibition was ineffective in one scan (out of 55), likely explained by an ineffective intraperitoneal injection. These clear outliers were not useful for quantitative analysis and were discarded from all further analyses, tables, and figures.
Results from the measurement of radiolabeled metabolites in arterial blood are shown in Figure 1 ; in all cases, the majority of radioactivity is derived from the parent compound. The data confirm that COMT was effectively inhibited by 40 mg/kg tolcapone or 40 mg/kg entacapone, since the measured level of [ 18 F]OMFD in plasma remains close to zero. No differences in radiolabeled metabolites were observed between the two COMT inhibitors at this dose. The data show that AADC is reasonably inhibited since anionic metabolites remain low. 10 mg/kg entacapone did not fully inhibit COMT, seen by an OMFD fraction of 0.13 at 160 minutes. Venous blood yielded a similar but delayed profile compared with arterial blood. The arterial-to-venous ratio of the metabolite fractions for the main (anionic) metabolites were 2.3, 1.4, and 1.1 for samples at 20, 100, and 160 minutes. The average ratio of the activity concentrations between plasma and whole blood was 0.77 at 100 minutes. Table 1 lists the number of reported rats and scans at the 40 mg/kg COMT inhibitor dosing. Two subgroups of lesioned rats were identified on the basis of their DS DTBZ values: (1) three rats with B30% denervation (DS DTBZ range ¼ 0.25 to 0.38, mean ¼ 0.30); (2) three rats with 90% denervation (DS DTBZ range ¼ 0.83 to 0.92, mean ¼ 0.88). The average parameter estimates (k ref , k loss , and EDVR) obtained from these groups are listed in Table 2 , along with the repeatability and reliability for the normal control and lesioned groups.
Example [ 18 F]FDOPA PET images corresponding to both COMT and AADC inhibition are displayed in Figures 2A--C . The ROI definition for the striatum is shown in part A. The images show that the striatum can be visualized and that there is a large reduction in radioactivity concentration in the lesioned stratum, seen in part C. Time-activity curves for the cerebellum and striatum, averaged from four control rats and from the three rats with 30% denervation, are presented in Figure 2D .
The The relationship between striatal EDVR and DTBZ BP ND is shown in Figure 4 , for both COMT inhibitors (left: entacapone; right: tolcapone). Significant linear correlations were found (correlation coefficients of 0.90 and 0.91, respectively). Comparison of Figures  4A and 4B shows that tolcapone increased EDVR as compared with the same dose of entacapone. The median increase in EDVR was 22%. Student's t-test (paired, single tailed) showed this increase to be statistically significant (Po0.01). Bland--Altman analysis (not shown) found the increase in EDVR to be proportional to EDVR. Figure 5 shows the asymmetry in the FDOPA PET estimates when using entacapone (parts A and C for EDVR and k ref ), compared with the asymmetry in DTBZ BP ND . The asymmetry in EDVR matched that in DTBZ BP ND ; the linear regression is not significantly different from the line of identity and the correlation coefficient is 0.99. This was not the case for k ref , where a weaker correlation (correlation coefficient of 0.75) was found, and where the asymmetry in k ref was less than the asymmetry in BP ND . Similar results were obtained using tolcapone, as seen in Figures 5B and  5D , for EDVR and k ref , respectively.
DISCUSSION
The presented data confirm that [ 18 F]FDOPA PET imaging in rats can provide a quantitative measure of FDA trapping in the striatum. In the 6-OHDA unilateral lesion model of PD, the DV of the striatal FDA compartment, quantified by the EDVR, was linearly related to the degree of DA denervation caused by the lesioning. The EDVR measure was sensitive to the pharmacological action of tolcapone, which decreased central FDA metabolism and thus increased the EDVR (or lowered the effective DA turnover). The quantitative analysis afforded estimates of k ref and k loss , the latter being the first such PET-derived estimates reported for the rat striatum. The repeatability for these estimates was quantified. The structure of the striatum could be seen in the PET images with high contrast, and the two sides were easily resolved by the microPET.
The arterial blood data verified the actions of the AADC and COMT inhibitors. For routine imaging, blood collection is not mandatory, since ineffective AADC inhibition presented itself clearly in the PET image and ineffective COMT inhibition was rare. The cautious investigator is likely satisfied by a single venous blood sample. The method of metabolite analysis did not determine the form of the main (anionic) metabolite, but we assume it to be FDA-sulfate. 22 The EDVR was calculated using Logan graphical analysis following subtraction of the reference region. This subtraction is designed to remove the precursor compartment from the target region, which is assumed to approximately equal the reference region. 3 Estimates of k ref and k loss allowed the changes in EDVR (or the inversely related effective DA turnover) to be explained in terms of reduced FDA synthesis and/or vesicular trapping, and increases in the rate constant for the loss of labeled compounds from the target region. These two parameters were estimated using the extended Patlak plot, which includes a term describing the loss of radiolabeled metabolites from the 'trapped' compartment. 11 The method was found to be robust for control rats, but less reliable for the lesioned striatum (e.g., DS DTBZ 40.5) where the striatal TAC is marginally greater than the reference TAC. In these cases, the lesioning has destroyed a substantial fraction (but not all) of the dopaminergic terminals in the ipsilateral striatum, and hence the AADC-specific 'trapping' of the radiotracer is diminished (but not eliminated). This leads to a reduction in the ratio of the striatal TAC to the reference region TAC, and hence the signal-tonoise ratio for AADC-specific radiotracer accumulation is reduced. As may be expected, there is a corresponding reduction in the repeatability for estimates of k ref and k loss . The situation is common to many radiotracers where specific uptake of the tracer is reduced by disease or in a disease model. The different repeatability of the parameter estimates at different levels of denervation should be considered when designing a study that makes use of this method, as a given effect (e.g., a change in one of the parameters following some intervention) may be more difficult to observe in animal models that start with a high degree of denervation.
There is much literature that describes the characteristics of 6-OHDA unilateral lesions. 27, 28 It is known that when 20% or more of the striatal DA neurons survive the lesioning, the concentration of DA in dialysates collected from striatal extracellular fluid (ECF) is unchanged. This remarkable compensation is further evidenced by an increase in DA synthesis, metabolism and fractional release in the surviving neurons, coupled with a reduction in DA reuptake. 27 In the present study, it was found that for partial (mild) striatal denervation (DS DTBZ o0.4, corresponding to DTBZ BP ND 42.5), there was an increase in k loss with relatively little change in k ref from extended Patlak analysis (see Figure 3 ). Such a finding is in good agreement with the known compensation that occurs in this model. If the concentration of DA in the ECF (and presumably the synapse) is normal, then there is no change in the total DA production per unit time (assuming no change in the rate at which DA is removed from the ECF). This would agree with the relative preservation of k ref found here. Despite being diminished in number, regulation allows the remaining vesicles to sequester a near-normal total amount of radioactivity per unit time. On the other hand, the total DA content of striatal tissue (e.g., from tissue homogenates) is reduced, that is, the distribution of DA between tissue and the ECF is altered. 27 The implication is for a reduction in the total amount of DA sequestered at any one time, which for a normal level of DA production can be achieved by a reduced vesicular residence time. This is in keeping with the increase in effective DA turnover (reduced EDVR) and increase in k loss that was found here. In more severe lesions, the compensation was insufficient to maintain k ref at normal values.
The compensatory increase in k ref per terminal in mild lesions in the 6-OHDA lesioned rat is similar to what is observed in early and preclinical PD using the same imaging technique. 5 Clinical symptoms appear when DTBZ BP ND is decreased by about 50%, and it is only after this stage that k ref substantially decreases. The reduction in DA storage capacity (or increase in turnover) and the increase in k loss found here are in agreement with prior reports from other species. 4--6,8 Although an unchanged k ref in mild lesions is in keeping with predictions based on the characterization of the 6-OHDA model via non-PET methods, it disagrees with some PET-based reports of a reduced k ref (or K i ) in lesioned nonhuman primates 8 and 6-OHDA lesioned rats. 9 This discrepancy may be explained by the disease-dependent negative bias introduced into k ref when calculated by the traditional (nonextended) Patlak graphical analysis which neglects k loss . This bias depends on k loss , being most apparent in species where k loss is large (such as the rat), and/ or in the diseased state. 39 When calculating k ref by the traditional Patlak method, we obtained a value of 0.0168±0.003/min for normal control rats (using data over the period 10 to 60 minutes) in agreement with Kyono et al. 9 The bias reduced the k ref for control rats by 55%, and masked the compensatory effects of relatively preserved DA synthesis and trapping in the mildly lesioned striatum. Further refinement of the method, particularly regarding the dose and timing of the inhibitors may be possible. The reliable inhibition of peripheral AADC and COMT is desired, normally without central inhibition. There may however be some central effects of both entacapone 31 and benserazide 40 when administered intraperitoneally at doses of 40 mg/kg and 10 mg/kg, respectively. In the current study, these doses were chosen to ensure long lasting and near complete peripheral inhibition. A dose of 10 mg/kg entacapone (t ¼ À90 minutes, intraperitoneally) did not provide COMT inhibition throughout the 3-hour acquisition. The use of inhibitors provides a mechanism for bias in the results that is dependent upon their efficacy in the particular rat during the scan. Substantial bias may arise from peripherally generated [ 18 F]OMFD due to its contamination of the reference region, whereas central inhibition of COMT can increase EDVR and reduce k loss (parameters of interest). Although we cannot determine the extent to which the central effects of 40 mg/kg entacapone changed EDVR and k loss from their basal values, the observation that EDVR increased when changing to 40 mg/kg tolcapone confirmed that 40 mg/kg entacapone does not saturate central COMT in the rat. In theory, the target and reference regions could also be contaminated by [ 18 F]OMFD made centrally; this is however not the case since the DV of OMFD in the rat brain is B1, 24 and the concentration of [ 18 F]OMFD in arterial plasma was measured and found to be near-zero. Note also that partial inhibition of central AADC would probably be unobservable in our data, since k ref for the rat striatum is likely limited by FDA sequestration into vesicles as opposed to AADC activity. 20 Despite the above concerns coupled with the simplifications applied to the complex metabolic pathway of [ 18 F]FDOPA, the results demonstrated that k ref and EDVR retain distinct information. Interestingly, these measures were differentially affected by 6-OHDA lesioning in the rat, with the relative preservation of k ref being consistent with our predictions based on the literature.
In summary, [ 18 F]FDOPA PET imaging of the rat brain enables quantification of the capacity for synthesis and storage of DA. Using a cerebellum reference region, we were able to calculate striatal estimates of: (1) EDVR, which is approximately the ratio of DVs between the specifically trapped compartment, assumed to represent striatal FDA levels, and the precursor compartment represented by the reference region. 3 1/EDVR is an index of the effective DA turnover; (2) k ref , which is the uptake rate constant for FDOPA (and so includes both FDA synthesis and vesicular trapping); (3) k loss , which is the rate constant for the washout of radioactivity from the striatum, that is, the metabolism of FDA and elimination of metabolic products. The EDVR estimate was found to be linearly related to the degree of DA denervation caused by 6-OHDA lesioning. The k ref estimate remained at normal levels in mildly lesioned rats (up to about 50% DS DTBZ ) but was reduced in more heavily lesioned rats.
Changes in DA synthesis and turnover in animal models of disease can be related to the human condition using this technique. The repeated, longitudinal quantification of effective DA turnover (via EDVR) and k ref may aid in the understanding of disease mechanisms and compensatory effects at the molecular level. The relevance of new rodent models of PD, such as transgenic models, may be directly assessed using the method. 
